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ABSTRACT 


One of the main reasons of the performance degradation of gas turbines is the 
axial compressor fouling due to air pollutants. Considering the fact that the 
fouling leads to high consumption of fuel, reducing of the axial compressor’s 
discharge air pressure and increasing of the exhaust temperature, 
thus designing a compressor degradation detection system will allow prevent 
such issues. Many gas turbine plants lose power due to dirty axial 
compressor blades, which can add up to 4% loss of power. In case of power 
plants, the power loosing could be observed by less megawatts produced by 
generator. But in case of gas compression stations the effect of power loosing 
could not be quickly detected, because there is not direct measurement of the 
discharge power produced by gas turbine. This article represents technique 
for detection of gas turbine axial compressor degradation in case of gas 
turbine driven natural gas compression units. Calculation of the centrifugal 
gas compressor power performed using proven methodology. Approach for 


evaluation of the gas turbine performance based on machine learning 
prediction model is shown. Adequacy of the model has been made to three 
weeks’ operation data of the 10 Megawatt class industrial gas turbine. 
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1, INTRODUCTION 

A modern characteristic feature of the world’s oil and gas industry is the increasing consumption of 
natural combustible gases. This is due to the fact that gas is more environmentally friendly and cheaper fuel 
than gasoline or diesel fuel. Natural gas is increasingly used in gas vehicles, at gas power plants, in gas 
chemistry for the production of large-capacity base products like ethylene and methanol, in metallurgical and 
other types of industry and housing sectors. As per British Petroleum Statistical Review of World Energy 
given at Figure 1, natural gas consumption is increasing over the last 50 years. Mining and consumption of 
natural gas is growing at a higher rate than comparable indicators for oil [1]. In this regard, the role of gas 
pipelines is significant, where the main element is a gas compression station. Gas Compression station - 
stationary or mobile installation, designed to receive compressed gases with further transportation to the 
places of use. The technological scheme of the compressor station consists of a gas cleaning systems, 
compressor trains, gas cooling installations, etc. Mainly, centrifugal compressor is driven by gas turbine. 

Gas turbines as a result of the long operating hours are subjected to various damages, and their 
performance may deteriorate over time due to many reasons such as clogging, corrosion, erosion, thermal 
distortion, external (or internal) object damage and blockage of fuel injectors [2]. The consequences of this 
performance degradation can be increased fuel consumption, reduced component efficiency and complete 
destruction of the gas turbine. Additional effects of dirty compressor blades are higher turbulence levels, 
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reduced cross section of flow, lower compressor outlet pressures, higher compressor and turbine outlet 
temperatures [3]. Consequently, increasing the efficiency and service life of engine components, on the one 
hand, and maintaining system stability, on the other hand, are considered among the main reasons for 
developing fault detection and identification systems. 
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Figure 1. Shares of global energy consumption by fuel in percentage [1] 


Over the last decades different methodic for gas turbine fault detection have been proposed. In [4] 
fault detection system described for an industrial two-shaft gas turbine in case of full and partial loads. 
Most of the modern gas turbine prognostic programs are consists of four technical processes: 
Data Acquisition, Health Indicator construction, Health Stage Division and Remaining Useful Life (RUL) 
prediction. Over the recent years, many researches have made an excellent overview on the RUL prediction. 
Some articles widely cover a systematic review of all four processes [5]. A systematic observation of recently 
developed gas turbine diagnostic, performance monitoring and prognostic techniques reviewed [6]. Many 
studies have been performed in field of fault detection [7-12] and diagnostic of gas turbines [13-19]. 
Studies given in [20-22] are using numerical simulation techniques for defining a fault. 

A number of researches have made an investigation related to axial compressor degradation. 
The main reasons of performance degradation for industrial gas turbines are erosion, corrosion, fouling and 
some internal damages. Mainly, degradation 1s caused by erosion and fouling due to contaminants in the air 
[23]. Erosion formatted by hard particles in the air larger than 10 um and these particles should be eliminated 
by filtration system. Soft particles smaller than 2 to 10 microns causes compressor fouling, common 
examples of such particles are smoke, carbon, oil mists, sea salts [24]. Compressor fouling can be eliminated 
by proper air filtration system and off-line compressor washing. The effectiveness of the compressor washing 
is significantly high [25]. 

To evaluate gas turbine performance degradation, the performance change characteristics should be 
considered. Industrial gas turbines running under various loads and their performance depends on factors 
such as turbine design, operating mode and ambient conditions. For instance, the performance is higher when 
outside ambient temperature is lower. Therefore, for proper evaluation, gas turbine performance should be 
corrected for comparison under a fixed reference conditions like ISO or compared with the expected 
performance. Usually, there are 2 categories of turbine degradation: mechanical and performance. 
Mechanical degradation depends on many mechanical factors, for example failures in lube oil system, 
vibration, noise, etc. Performance degradation can be divided into two types: recoverable and non- 
recoverable. Recoverable degradation can be recovered by proper maintenance actions such as offline water 
wash. Non-recoverable degradation recovered during the outages and overhaul by replacing mechanical 
parts [26]. 

In this articles proposed technique for detection of gas turbine axial compressor degradation in case 
of gas turbine driven natural gas compression units. Calculation of the centrifugal gas compressor shaft 
power and efficiency related parameters performed. Approach for evaluation of the gas turbine performance 
based on machine learning prediction model is shown. Adequacy of the model has been made to three weeks’ 
operation data. 

The remaining of this paper is organized as follows. Section 2 discusses about research 
methodology, modeling and algorithm. In Section 3 described the results. Conclusions are drawn in 
Section 4. 
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2. RESEARCH METHOD 
2.1. Gas Turbine 

Gas turbine is a blade machine, where the energy of compressed and heated gas is converted into 
mechanical work on the shaft. The main structural elements of the typical gas turbine are air intake section, 
axial compressor, combustion chamber and exhaust sections. 

Ambient air intakes preliminary cleaned in air filters. In compressor section the pressure and 
temperature of the air increasing. Further in combustion chamber air is mixed with fuel and burned, 
the temperature reaches the peak values. Expanding gases rotates turbine blades and creates shaft power. 
The object of analysis is a 10 MW industrial gas turbine and gas compressor at the shaft end. 
The structure of the process gas turbine and compressor is given at Figure 2. 
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Figure 2. Gas turbine and centrifugal gas compressor layout schematic 


2.2. Measured Data 

Measured data over a period of 3 weeks (January 2018) were obtained from one of compressor 
stations, located in the Republic of Kazakhstan. The data represents plant operation at a part load. The data 
have been collected with a frequency 30 seconds (2 points per minute). The parameters include ambient data 
(temperature, pressure), gas path pressures ant temperatures, fuel gas properties (flow and temperature). 
During this period the compressor’s suction gas temperatures varied from -10 to +2, and pressures varied 
from 5.4 MPa to 5.8 MPa. A few times shutdown of the unit has been taken a place. The variations of the 
temperatures and pressures are shown through Figure 3 and Figure 4. 
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Figure 3. Centrifugal gas compressor’s temperatures (left) and pressures (right) variations for the measured 
period of time 
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Figure 4. Gas turbine EGT (left) and axial compressor’s discharge pressure (right) variations for the 
measured period of time 
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2.3. Fauling Detection Algorithm 

As known, the main application of gas turbine engines in industry are gas compression and electric 
power stations, where the turbine drives a centrifugal compressor and an electric generator respectively. 
In both cases, over the time, the axial compressor of the gas turbine degrades due to the presence in 
atmospheric air of dust particles, salt, etc. In the case of electric generator, the drop in power can be seen by 
the output power, usually measured in megawatts per hour. 

For example, if in the initial state with the maximum load of the turbine, the output on the generator 
was 45 MW, then due to the degradation over the time, the same turbine at the maximum load can produce 
42 MW, 1.e. it can be seen that the turbine at its maximum began to produce less megawatts. 

In case of a centrifugal compressor, there is no explicit quantitative measure of the output power. 
In this regard, in the framework of this article 1s given a method for finding the degradation of the turbine’s 
axial compressor. 

This method is based on a calculation of the centrifugal compressor’s power, determining the 
specific fuel gas consumption, a model based on machine learning methods, which determines the 
dependence of the specific fuel gas consumption on the parameters of a gas turbine. The main parameters of 
the turbine, which correlate with the specific consumption of fuel gas, are speed, axial compressor’s 
discharge pressure, exhaust temperature. 

The block structure of the calculations is given at Figure 5. First step is to read the input 
parameters, which are required for calculation of the centrifugal compressor’s pseudo isentropic index, 
compressibility, polytrophic temperature index, internal power and specific fuel gas consumption. Next step 
is to train the model, where the target parameter is specific fuel gas consumption and features are gas turbine 
shafts speed, exhaust gas temperature, axial compressors discharge pressure. When the model is trained and 
tested, it can give prediction for specific fuel gas consumption, we compare the predicted and current 
calculated value, and if the relationship is higher than k, we can decide that turbine efficiency become lower 
and water wash is required. The setpoint k can vary for different types of gas turbines, in our case we have 
used k=2%. 

Centrifugal compressor’s power is a function of difference of suction and discharge temperatures, 
average compressibility, mass gas flow and can be defined by (1). 


No = 4°" Zaye *R* Tout — Tin) * Ge (1) 
Where, ~ - pseudo isentropic index, which 1s defined by (2). 

~ = 4.16 + 0.0041'(t,,,. — 10) + 3.93°(4,;, — 0.55) + 5°(m, — 0.3) (2) 
And mr, is the polytrophic temperature index, defined by (3). 
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Figure 5. Sequence for defining the axial compressor degradation 
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The detailed description of the parameters calculation is given in the methodology for assessing the 
energy efficiency of gas transmission facilities and systems [27]. Further, the calculated power value is used 
in determining the specific gas flow rate, which is the relation of fuel gas mass flow rate to the calculated 
power. 


GFg 
E = 4 4 
fuel gas Ne ( ) 


3. RESULTS AND DISCUSSION 

Within this article, a method for determining the degree of turbine degradation is proposed. 
In comparison with other modern methods, the one is not so complicated and based on calculations of the 
centrifugal compressor internal power with further implementation of machine learning model. 

As the specific fuel gas flow rate have been defined, the next step is creation of model based on 
machine learning methods. Actual data sometimes contains gaps, not a number and empty values, 1.e. data 
should be properly preprocessed in order to eliminate such issues. To assess the effectiveness of the model 
the data have been split into two parts — training and test datasets. Training data used to train the model, 
and for evaluation of model correctness on new data the test dataset is required. The data split is done in a 
ratio of 70/30, where 70% 1s a training part and 30% is a test part [28-29]. 

As known, supervised training assumes the presence of the target attribute and the model is built on 
the basis of the object response pair. Among a number of machine learning models, Linear Regression, 
LassoCV and RidgeCV have been selected [30]. These methods are belong to a statistical method of studying 
the effect of one or independent variables X, on the dependent parameter Y. Considering the parameter 
vector X' = X,,X5,...,X,, the target parameter Y is forecasted by the (5). 


Y= Bo + per X;Bo (5) 


Where fy is displacement. Correctness of the prediction data for validation dataset has been defined by the 
method of least squares, for which is used minimization of displacement B: 


RSS(B) = Xh10% — x; BY? (6) 
Figure 6 shows the predicted and actual values of the specific value of flow gas based on Linear 


Regression method. The behavior of predicted curve repeats the actual one for most of the points. The Mean 
Squared Error is equal to 0.001804579409 127899. 
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Figure 6. Actual and predicted values of the specific value of fuel gas flow by Linear Regression 


LassoCV and RidgeCV methods are gives approximately the same results, the predicted and actual 
values are shown at Figure 7. The Mean Squared Error for LassoCV is 0.0018035260174060243, and for 
RidgeCV is 0.001804568485 1681711. 
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Figure 7. Actual and predicted values of the specific value of fuel gas flow by LassoCV (left) and 
RidgeC V(right) 


4. CONCLUSION 

On base of obtained data, centrifugal compressor’s internal power has been calculated. 
After defining the internal power, new efficiency parameter — Specific value of fuel gas flow have been 
defined as a relation between the actual value of fuel gas flow rate to the centrifugal gas compressor’s 
internal power. The parameter shows the relationship between consumed fuel gas and power at the shaft’s 
end. This value gives understanding how consumption of fuel gas depends on gas turbine conditions: 
increasing of this parameter means that for the same amount of produced power spend more fuel, which can 
be caused by axial compressor degradation, if there no any other mechanical issues. Short-time period data 
have been used for testing of the proposed method. Machine learning regression methods performed for 
creating the prediction model. 
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